The synthesis of carbon nanotubes (CNTs) in rotating counterflow diffusion flames using nickelnitrate coated or uncoated nickel substrates was investigated. A diffusion flame at high angular velocity (low strain rate) is stronger than a weak flame at low angular velocity (high strain rate) and produces more carbon sources because of the longer residence time of the flow. Even though both the fuel and oxygen concentrations are quite low (using 86% N 2 -diluted C 2 H 4 as the fuel and air as the oxidizer), CNTs can be successfully produced. Curved and entangled tubular multi-walled CNTs are harvested, which have both typical straight tubular and bamboo-like structures. Besides curved CNTs, helically coiled tubular CNTs are also synthesized. It is verified that flow rotation associated with residence time plays an important role in the synthesis of CNTs. Using a Ni(NO 3 2 -coated nickel substrate has advantages over uncoated Ni substrates.
INTRODUCTION
Carbon nanotubes (CNTs) are recognized as a new class of engineering materials owing to their outstanding mechanical, chemical, physical and electromagnetic properties. In spite of the fact that CNTs have been known for decades, they have attracted much attention since 1991 because of the landmark paper reported by Iijima. 1 A large amount of research on synthesis techniques for the production of CNTs has been proposed. Currently numerous conventional methods such as arc discharges, 2 3 pulsed laser vaporization, 4 and chemical vapor deposition (CVD) 5 are employed to generate CNTs. However, in these synthesis techniques, the costs are relatively higher due to the requirements of those facilities for complex process and strict control of temperature and pressure. Moreover, these synthesis techniques typically are batch processes, which only yield small quantities of high purity material. A large amount high quality CNTs can be synthesized by CVD; however, it still requires complex, tedious and costly purification to produce high-purity CNTs. Therefore, for large-scale applications, it will require a simple, continuous and energy-efficient method to synthesize CNTs. Flame synthesis can naturally and easily produce high temperatures and high radical concentrations required for * Author to whom correspondence should be addressed. the growth of CNTs. Therefore, flame synthesis can offer a stronger potential for inexpensive and mass production of high-purity CNTs than other synthesis methods. Recently, great efforts have been devoted to studying synthesis of CNTs in flames. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] With the introduction of catalyst, flame synthesis of CNTs can be classified into catalytic supported-substrate [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and aerosol catalyst [21] [22] [23] methods. For the former approach, several researchers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] have successfully grown different morphologies and structures of CNTs in diffusion flames or premixed flames using various flow configurations (e.g., co-flow, counterflow and wall stagnation flow).
The formation of multi-walled carbon nanotubes (MWCNTs) in counterflow diffusion flames was first reported by Merchan-Merchan et al. 9 at atmospheric pressure without the introduction of a catalyst, in which the oxidizer is enhanced to 50% oxygen or greater. Subsequently, the strong potential of these oxygen-enriched flames for carbon nanomaterial synthesis was proven using a Ni-based catalytic support positioned at the fuel side of counterflow flame. 10 Additionally, it was found that a presence of an electric potential (floating mode operation) provides an ability to control nanostructure morphology and synthesis rate.
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In this study, we employ the quasi-one-dimensional counterflow diffusion flame to synthesize MWCNTs. Merchan-Merchan and co-workers [9] [10] [11] have utilized this geometry (for oxygen-enriched diffusion flames) to provide a stable one-dimensional reaction zone for the experimental studies. Note that in those studies, [9] [10] [11] all results reported were performed using a non-rotating counterflow with a minimum oxygen content of 50% and with a fuel content of 100% resulting in a strong sooting diffusion flame. Up to now, the literature on the synthesis of multiwalled CNTs in non-sooting counterflow diffusion flames is still limited. 19 20 In the present study, in contrast to what was previously reported in the literature, [9] [10] [11] we can successfully synthesize CNTs using non-sooting flames in rotating counterflow especially with a quite low fuel concentration and without a threshold oxygen concentration (equal to or greater than 50% oxygen [9] [10] [11] ). Furthermore, since soot formation is a rate process, subject to residence-time considerations, the aerodynamic straining implicit in rotating counterflow diffusion flames becomes advantageous.
As found in our early studies, 24 with increasing angular velocity of the jets, the formation of soot layer was attributed to mixing of oxygen with fuel induced by flow rotation. Meanwhile, rotation of the jets increased the residence time of the fuel-oxygen mixture in the high temperature zones near the flame, thereby allowing for fuel pyrolysis and oxygen catalyzed soot formation or carbon nanomaterials. Generally, it has been agreed that the soot particle are formed in diffusion flames over a limited range of temperatures between 1300 K and 1600 K. 6 However, the typical temperature for the synthesis of CNTs using catalyst metals is lower than that for soot formation.
It is recognized that the formation of CNTs using flame synthesis strongly depends on the catalytic metal, hydrocarbon reactants and proper environments, such as the temperature and oxidizer concentrations. As described in our previous studies, [24] [25] [26] rotating flow significantly affected the temperature distribution, mixing of fuel and oxidizer, residence time of the flow, which in turn is expected to greatly affect the hydrocarbon reactants and environments for the formation of CNTs. However, to our knowledge, rotating flow fields have not been applied to control growth of CNTs in flames prior to this study. Therefore, in this article we aim at exploring the influence of flow rotation on the synthesis of carbon nanomaterials using rotating counterflow ethylene-air diffusion flames and a catalytic Ni substrate.
EXPERIMENTAL DETAILS
The experimental investigations are performed by using the counterflow configuration which can provide the capability of studying the influence of stretch rate on the nonpremixed flames. In addition, the burner system is made possible to introduce the rigid-body rotation into the flow field, and then to explore the influence of flow rotation on combustion synthesis of CNTs. A schematic of the counterflow is shown in Figure 1 . The counterflow system consists of two identical vertically-aligned cylindrical burners with an inside diameter of 46 mm and an outside diameter of 50 mm, which can rotate about their axis of symmetry. Each burner contains series of small wire-mesh screens and honeycombs to produce uniform velocity profile at the exit plane of burner and to insure rigid-body rotation of the gas inside the burner. The separation distance between the burner exit planes in counterflow, L, is adjustable but kept at a constant value (22 mm) in a set of experiment. Air, nitrogen and ethylene are separately metered by conventional rotameters. Then, a stable quasi-one-dimensional diffusion flame is established by introducing two opposite streams of gases in the upper and lower burners; the mixture of ethylene (purity 99.5%) and nitrogen (purity 99.9%) is introduced from the upper burner and the oxidizer (air) is supplied from the lower burner. Throughout each test, the velocities V at the exit plane of the upper and lower burners are maintained identical. Also, the angular velocities ( ) of the upper and lower burners have the same magnitude and direction, as shown in Figure 1 .
Two variable speed DC-motors are used such that the rotation speed of each burner can be continuously and independently controlled. The direction of rotation of each motor can be reversed and angular velocities ( ) up to 29 rotations per second (rps) can be achieved. Motors are mounted on a separate stand and connected to the burners by belts. Thus, the transmissions of the vibrations of the motors to the burners are minimized. The lower burner is equipped with a ring of cooling water such as was used in our previous study 27 and with an exhaust system for removal of the combustion products. The exhaust system prevents the heating of the upper burner by otherwise rising combustion products due to buoyancy.
We employ an uncoated nickel mesh (with a diameter of 3 mm) or a nickel mesh coated with 36.4% (by weight) nickel nitrate as the catalytic metal substrate to collect deposit materials. When an uncoated nickel substrate is used, the catalyst metal particles are supplied from the substrate itself. During the synthesis of CNTs, the substrate is positioned at the fuel side near the flame front, denoted by an axial distance z, as shown in Figure 1 . Here the origin of the cylindrical coordinates r z is located at the center of the lower burner exit. The axial location of the upper edge of the blue flame front is denoted by z b , which is lower than z s in this study (see Fig. 1 ). Here z s is the position of the stagnation plane in the cold non-reactive counterflow jets obtained from the theoretical prediction 25 (also shown by Eq. (3) later) that in general will differ from z s = 11 mm associated with the symmetric counterflow jets. In this study, we used 86% N 2 -diluted C 2 H 4 as the fuel and air as the oxidizer, the mean densities for the upper and lower jets were almost the same for various injection velocities and angular velocities. Therefore, the position of the stagnation surface was z s = 11 05 mm nearly located at the midway of the flow field. As can be seen, the axial separation distance between the sampling position and the upper edge of the flame front is equal to z mm, i.e., z = z − z b . The deposition time is kept at 120 sec. At the sampling position, the gas temperature ranges from about 500 to 1100 C as determined by a fine wire silica-coated R-type thermocouple (Pt/Pt-13% Rh) with 0.05 mm diameter. A field emission scanning electron microscopy (FE-SEM), a transmission electron microscopy (TEM) and a high resolution transmission electron microscopy (HR-TEM) are used to characterize the deposit materials.
RESULTS AND DISCUSSION

Flame Parameters Influencing the Synthesis of CNTs
Before discussing the influence of flow rotation on flame synthesis of CNTs, we first discuss the combustion characteristics of diffusion flames generated in the rotating counterflow field including flame position, flame temperature, strain rate and soot formation. Figure 2 shows the temperature profiles for different angular velocities under the operating condition of O = 21%, F = 14%, V = 20 cm/sec and r = 15 mm. Where O represents the volumetric concentration of oxygen in nitrogen for the lower burner and O = 21% corresponds to air, F is the volumetric concentration of fuel in nitrogen for the upper burner, V designates the fixed injection velocity at the exit planes of the upper and lower burners, and r denotes the radial distance. The variation of the corresponding flame position (z b ) with angular velocity ( ) is shown in Figure 3(a) , while the corresponding gas temperature and strain rate at the axial locations of z b ( z = 0 mm), z b + 1 z = 1 mm) and z b + 2 z = 2 mm) for various angular velocities are shown in Figures 3(b and c) , respectively. Figure 2 reveals that the flame temperature increases with due to the reduced rates of stretch (shown in Fig. 3(c) ) and conductive heat loss induced by shallower temperature gradients. Furthermore, it is found that the high temperature region is wider for a flame enduring a greater angular velocity. The flow field is generated by opposing jet of air from the lower burner and fuel (C 2 H 4 ) mixed with nitrogen from the upper burner. As described above, the mean densities of the jets are almost the same for fixed values of V and . Hence, the position of the stagnation surface is nearly located at the midway of the flow field. As defined above, z = 0 denotes the exit plane of the lower burner, and z b represents the axial location of the upper edge of the blue flame front. Figure 3 (a) demonstrates that the diffusion flame is located at the oxidizer side (z b = 9 17 mm) when = 0 rps. As increases, the diffusion flame shifts slightly towards the upper fuel nozzle but is still located at the oxidizer side. Meanwhile, the flame thickness is found to increase with in the experiments, as was observed in our previous study. 24 As can be seen in Figure 3(b) , the measurements of gas temperature demonstrate that the temperatures at the locations of z = 0 mm and 1 mm are within the range of 1000∼1100 C and 700∼900 C, respectively. Meanwhile, the temperatures at the locations of z = 2 mm are within the range of 500∼600 C except for the case of = 0 rps whose temperature is about 300 C.
For the non-rotating opposed-jet flow field, the strain rates are
in which
is the dimensionless axial position of stagnation plane, the subscript "1" refers to the fuel stream and "2" to the air stream. The symbol V is the flow velocity at the burner exit, L the separation distance between two burners, = z/L the dimensionless axial coordinate and the flow density. While in the rotating flow field the strain rate can be formulated as It is seen that as the angular velocity increases, the rate of stretch decreases, leading to the increase of residence time. Evidently, flow rotation elongates the residence time and may lead to the formation of a soot layer on the fuel side of the diffusion flame. In the present study, the process of soot formation is dominated by three parameters, namely the volumetric concentration of fuel in nitrogen F , the injection velocity V and the angular velocity .
In the experiment, the diffusion flame without soot layer is composed of a blue-violet fuzzy zone on the oxidizer side and a bright green-blue zone on the fuel side, as shown by the direct photograph of the non-sooting diffusion flame in Figure 4 . For fixed values of V and O , as increases, a thin layer of soot begins to develop on the fuel side of the diffusion flame for sufficiently large fuel concentration in the upper flow. Also, as increases, the flame becomes much thicker and gradually appears yellowish in color with a thin blue layer on the fuel side, as shown by the direct photograph of the sooting diffusion flame in Figure 4 . That is, the thickness of the soot layer increases with the jet angular velocity . As expected, the catalytic effects of molecular oxygen and the increased residence time of fuel-oxygen molecules in the vicinity of the high temperature flame zone, caused by the flow rotation, are responsible for the formation of soot layer. Figure 4 also shows that for a fixed value of O , as the injection velocity V decreases, the initiation of soot layer occurs at a smaller value of F . This sooting characteristic is also caused by the reduced strain rate resulting from the decrease of V , which leads to the increase of residence time and in turn the easier occurrence of soot formation. It was inferred 6 that the ingredients to form CNTs and soot may be the same. The difference is that the soot can be produced under a wide range of conditions, while CNTs can grow only under very limited conditions in the presence of catalyst particles. Therefore, the synthesis of CNTs is expected to be significantly influenced by flow rotation, which is particularly emphasized herein.
Synthesis of Carbon Nanotubes
Flame synthesis of CNTs influenced by flow rotation associated with residence time is discussed in the following. In the present study, various strain rates are obtained by adjusting the angular velocity, different from the literature 9-11 19 20 in which strain rates were controlled by varying the injection velocity. As demonstrated above, as the angular velocity increases, the strain rate decreases, leading to the increase of residence time (Fig. 3(c) ) and the earlier occurrence of soot formation (Fig. 4) . It is recognized that stain rate affects CNTs synthesis either through the residence time of the flow or carbon sources available for CNTs growth. A diffusion flame at high angular velocity (low strain rate) is stronger than a weak flame at low angular velocity (high strain rate) and produces more carbon sources due to the longer residence time of the flow. Surprisingly, even though both the fuel and oxygen 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm concentrations are quite low ( F = 14% and O = 21%), CNTs growth using non-sooting flame can be successfully produced on the Ni substrates. Figure 5 shows the SEM images of CNTs influenced by angular velocity ( ), sampling position ( z) and substrate (uncoated or coated with Ni(NO 3 2 -36.4% by weight) under the condition of O = 21%, F = 14%, V = 20 cm/sec and r = 15 mm. The sampling time is fixed at 120 sec. In the experiments, we find that no CNTs can be observed at the position just at the upper edge of the blue flame front ( z = 0 mm) or a separation distance z = 3 mm from the flame irrespective of the values of angular velocity. This indicates that sampling position is an important parameter for growth of CNTs. It was believed that the synthesis of CNTs can only be done within a limited region in a flame owing to temperature effect. As O = 21%, F = 14% and V = 20 cm/sec, in the hightemperature flame zone (just at the upper edge of the diffusion flame, i.e., z = 0 mm), no CNTs can be observed on the substrates positioned at r = 15 mm due to lack of carbon sources. While at the fuel side near the flame edge (1 mm or 2 mm above the upper edge of the diffusion flame, i.e., z = 1 mm or 2 mm), a few or a large amount of curved and entangled CNTs are produced depending on the magnitude of angular velocity and substrates effects whether coated with 36.4% (by weight) nickel nitrate or not. However, at a separation distance z = 3 mm from the flame, irrespective of the values of angular velocity and substrates effects, no CNTs can be observed due to low temperature and lack of carbon sources. As discussed above, the measurements of gas temperature show that the temperatures at the locations of z = 0 mm and 1 mm are within the range of 1000∼1100 C and 700∼900 C, respectively. Meanwhile, the temperatures at the locations of z = 2 mm are within the range of 500∼600 C except for the case of = 0 rps. It was reported that CVD synthesis usually operates at the temperature range between 700 and 900 C.
9 Surprisingly, there is a common temperature region for both CVD and the present rotating counterflow diffusion flame under which CNTs can be synthesized. This interesting characteristic is similar to the common region between 750 and 800 C reported by Li et al. 20 in which, however, non-rotating counterflow diffusion flame was used for synthesis of CNTs.
The SEM images of CNTs at = 0, 1 and 2 rps are shown in Figures 5(a-c) , respectively, when the uncoated Ni substrates are used and positioned at z = 1 mm. As can be seen, when = 0 rps, some CNTs with short length and small diameter are synthesized. With increasing from 0 rps to 1 rps, more CNTs with slightly increased length and diameter are produced. However, when = 2 rps, the growth of CNTs are dramatically reduced. As shown in Figures 3(b) and (c), the strain rate at z = 1 mm as = 1 rps is slightly smaller than that for = 0 rps, while the gas temperature of the former is greater than that of the latter. The formation of more CNTs is mainly due to the effect of gas temperature. As shown in Figures 3(b) and (c), in comparison with = 1 rps, the temperature at z = 1 mm as = 2 rps is only slightly increased, however, the strain rate is remarkably reduced relatively. Hence, the less formation of CNTs at = 2 rps seems to be dominated by the reduced strain rate. It is verified that flow rotation associated with strain rate plays an important role in synthesis of CNTs. The interactions among carbon sources, a catalyst and the increased residence time of fuel-oxygen molecules in the vicinity of the high temperature flame zone, caused by the flow rotation, may create an appropriate environment for the growth of CNTs, which are responsible for the formation of CNTs.
The SEM images of CNTs at = 0, 1 and 2 rps are illustrated in Figures 5(d-f) , respectively, when the Ni substrates are coated with 36.4% (by weight) nickel nitrate and positioned at z = 1 mm. Compared with the cases using the uncoated Ni substrates, shown in Figures 5(a-c) , the CNTs with longer length and larger diameter can be generated when the Ni(NO 3 2 -coated substrate is employed, as shown in Figures 5(d-f) . Using the Ni(NO 3 2 -coated substrate, the optimum harvest condition also occurs at = 1 rps when z = 1 mm, which is the same as the case using the uncoated Ni substrates.
When the Ni(NO 3 2 -coated substrates are positioned at z = 2 mm, the SEM images of CNTs at = 0, 1 and 2 rps are shown in Figures 5(g-i) , respectively. In comparison with the results of Figures 5(d-f) in which the sampling position is located at z = 1 mm, Figures 5(g-i) show that, when = 0 and 1 rps, the diameter and length of CNTs are dramatically decreased; while, when = 2 rps, the yield, the diameter and length of CNTs are greatly increased. It is interesting to note that as z = 1 mm the optimum harvest condition for CNTs occurs at = 1 rps, corresponding to the gas temperature of 800 C, while as z = 2 mm the optimum harvest condition for CNTs shifts to the higher angular velocity = 2 rps, corresponding to the lower gas temperature of 500 C.
As can been seen from the results of Figure 5 , using the Ni(NO 3 2 -coated substrate has advantages over using the uncoated Ni substrates. It is found that the yield, diameter and length of CNTs for the Ni(NO 3 2 -coated substrate are much greater than those for the uncoated Ni substrates. Meanwhile, using 86% N 2 -diluted C 2 H 4 as a fuel, when the Ni(NO 3 2 -coated substrate is employed, the formation region is broadened to a lower temperature, around 500∼800 C, than the case using an uncoated Ni substrate, which forms only about 800 C. The variation of structure and morphology are strongly related to the variation of chemical composition, the substrate temperature, catalyst and the strain rate in the studied flame region. Typical SEM and TEM images of CNTs synthesized on the catalytic metal substrates after 120 sec of deposition time is shown in Figure 6 , obtained on the fuel-side of the rotating counterflow ethylene-air diffusion flame at V = 20 cm/sec. Figure 6(a) shows the typical morphologies of curved and entangled CNTs synthesized on the fuel side near the flame surface. As can be seen, the average diameter of MWCNTs is around 20 nm, which is smaller than that (80 nm) yielded in non-rotating counterflow flames 20 and those (60 nm) obtained in co-flow flames. 6 7 The smaller diameter obtained in this rotating flow field may be attributed to different type of flame used for synthesis. Two different types of CNTs are found to co-exist from the deposit materials on the Ni substrate under this condition; Figure 6 catalyst particles could catalyze the growth of straight and tubular CNTs without any internal compartment cap, while non-spherical catalyst particles tended to form bamboolike CNTs with internal compartment cap. 9 28 In addition, the CNT with helically coiled tubular structure having a diameter of about 50 nm and a length of 2 m are shown in Figure 6 (d) (indicated by the arrow). The helically coiled tubular CNTs have been reported to form only under special conditions in CVD 29 30 and to grow only in a small flame zone for a limited window of fuel flow rates. 31 A favorable flame environment for the formation of coiled CNTs greatly depends on three factors: (1) local gas phase flame chemistry, (2) surface chemistry, and (3) flame residence time. 31 In the present study, it is of interest to note that, at F = 14% and V = 20 cm/sec, the CNTs with helically coiled tubular structure are easily observed irrespective of the values of angular velocity. Also, helically coiled tubular CNTs and curved CNTs are observed to co-exist under this condition. It was suggested that sharp gradients of temperature and chemical species in the vicinity of the flame zone may induce sensible variations of carbon deposition rates providing the favorable condition for the growth of helical structures. 10 11 Accordingly, it is worth further studying in the near future why there is such a diverse batch of CNTs formed in a single location.
CONCLUSIONS
The influence of flow rotation on the synthesis of carbon nanotubes using rotating counterflow ethylene-air diffusion flames and a catalytic Ni substrate was investigated. Stain rate affects CNTs synthesis either through the residence time of the flow or carbon sources available for CNTs growth. A diffusion flame at high angular velocity (experiencing low strain rate) is stronger than a weak flame at low angular velocity (enduring high strain rate) and produces more carbon sources because of the longer residence time of the flow. Surprisingly, even though both the fuel and oxygen concentrations are quite low (using 86% N 2 -diluted C 2 H 4 as the fuel and air as the oxidizer), CNTs can be successfully generated. Curved and entangled tubular multi-walled CNTs are harvested, which have both typical straight tubular and bamboo-like structures. In addition to curved CNTs, helically coiled tubular CNTs are also synthesized.
It is verified that flow rotation associated with residence time plays an important role in synthesis of CNTs. The optimum harvest condition strongly depends on the angular velocity associated with residence time. Moreover, using the Ni(NO 3 2 -coated substrate has advantages over using the uncoated Ni substrates. It is found that using the Ni(NO 3 2 -coated substrate, the formation region of CNTs is broadened to a lower temperature, around 500∼800 C, than the case using a uncoated Ni substrate, which forms only about 800 C, and that the former produces more CNTs with greater diameter and length than the latter.
